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1. INTRODUCTTION

This report is the result of Task 1 of Cowtract NAS 6-1624, "Study
of the Control and Dynamic Stability problem of the Saturn Space Vehicle,
Especially the C-1 Configuration”. This task was to prepare a detailed
technical description of the mizsile configuration which was studied and

the description is given in this report.

Definitions of the symbols used in the report are given in Section 2.
Some of these symbols are also defined in Figures 2,3, 8 and 9‘which show
the coordinate systems and missile geometry conventions used. Section 3
contains the basic parameters of the missile configuration as specified
by Marshall Space Flight Center. These basgsic parameters were uvsed +to
compute the parame.ers given in Sections 4 and 5. Section 4 con*ains the
coordinate system, equations, computed coefficients, and computer diagrams
ugsed in the analysis of the adaptive angle-of-attack ccntrol system
described in Volume II. This analysis consists of a time-variable two-
dimensional analog simulation to establish the performance capabiliity of
this control system. Section 5 coi:tains the coordinate sy:z:em, equations,
computed parameters and computer diagrams used in the evaluation of the
performance of the adaptive digital bending compensator described in
Volume I. For this purpose, a digital-analog combined simulation study
was performed using a time-invariant, two-dimensional simulation of the

missile system.
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Aerodynamic reference ares

Acceleration indicated by accelerometer
Acceleration compenents of the total center of gravity

Autopilot inertiel attitude gain
Autopilot inertial attitude - rate gain
Autopilot angle-of-attack gain
Aerodynamic restoring torque coefficient
Control torque coefficient

Normal force coefficient slope with respect to angle-of-attack

Center of gravity of missile

Center of gravity of missile exclusive of deflected engines
and sloshing propellants

Center of gravity of missile exclusive of sloshing propellants
Aerodynamic axial diag

Frequency of the :I.t'h slosh mode

Acceleration due to gravity

Missile edticuds

Moment of inertia or missile about c¢.g.l

Moment of inertis of miseile exclusive of sloshing prepallants
about c.g.3

Moment of inertia of deflected engines about gimbal point

Control loop integial gain
b
o)
Adsptive loop output ( T, )

Distance from gimbal to c.g.l
Distence from gimbal to c.g.3

Distance from gimbal to engine c.g.
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Distance betwsen center of pressure and total center of gravity

Mess of missile

Mess of missile exclusive of deflected engines and sloshing
propellents

Mass of missile exclusive of sloshing propellaats

Mass of sloashing liquid in booster stage

Maes of sloshing liquid in second stage

Modal mass of the i'D

bending mode

Magg of deflected engines

Normel fource per unit angle of- attack

Dynamic pressure

Generaiized :lth mode bending coordinate

Control force per unit £ control deflection

Badial location of control motors from missile centerline
Laplece operator

Thrust of eight engines

Inertial velocity of c.g.2

Deflection of the average missile centerline due to an engine
deflection

Velocity of c.g.2 relative to wind

Wind component noimal to reference trajectory

Rotation of the average missile centerline due to an engine
deflection

Distance fiom c.g. to 1th sloshing mass attach point
Direction perpendicular to missile centerline

Direction perpendicular tc missile centerline extending
from c.§.3

direction perpendicular to reference trajectory

Direction perpendicular %o reference trajectory extending

from guidance compsrtment
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Aerodynamic angle of sttack
Angle of attack indicated by angle-~of-asttack meter
Angle of attack due to wind
Cant of outboard motors
Angle reguirad to cant outboard motors through c.g.l
Path angle
Tilt angle
Control deflection angle
Engine actuator output
Engine actuator command input
Acceleremeter damping ratio
Damping ratio of booster stege slosh mode
Damping ratio of second stage slosh mode
Rete gyro demping ratio
Angle-of-attack meter aerodynamic damping ratio
Angle-of-attack meter mech:aical damping ratio
Actustor damping ratio
Demping of the ith bending mode
Engine demping ratio
Attitude angle
Pogition gyro output
Rete gyro output
Displacement of booster stage sioshing mass from missile
centerline
Displacement of second stage sloshing mass from missile
centerliine
Ratjpof ith sloshing mass to total missile mass

Deflection at the engine gimbal station

VIR e 3ulliuaw b U Dol e 0052
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Missile station wmeasured from base

vy

Station of c.g.l

|

Statica of c¢.g.2

n

Station of c¢.g.3

w

Stetion of accelerometer

-

Station of bouster stage elosh spring attachwment point

Station of second stage slosh spring attachment point

mmw»mm,}mmmmvh

L

P Station of position gyro

R Station of eate gyro

T Station of gimbal

ep Station of aerodynamic center of pressure
§a Station of angle-of-attack meter
'rp Time constant of the de{nodnlator
¢ 1( f ) Normalized deflecticn of the :'* berding rode at Station §
¢'1(§ ) Normalized slope of the ith bending mode at Station §
I‘U Augle between inertial velocity vector ané missile

centerline

Slope &t the =zngine ginbal station

<

T
Accelarcue “er naturtl frequency

Boosver stesge slosh mode natursl frequency
Second s*r~e slosh mode natural frequency
Rate gy o natural frequency

Actuntor anatural frecuency

Irequency < :he ith terding wode

Engine naturel ..~a.zr.gy

Angle-of-attack meter natursl from ancy

€ of F P P F P
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Bending coordinate for the ith mede with control
engines removed

Control system error signal

+
Deflection ot the i'h bending mode of missile with

control engines removed
Slope cf the ith bending mode of missile with con-

tr.Ll engines removed

Frequency of the ith mode ol missile with control

engines removec

It
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3. BASIC PARAMETERS

This section coantains the basic parameters cf the missile configuration
as gpecified by ‘ne Marshall Space Flight Center. These tasic parameters
were used to compute the parameters found in Sections 4 and 5. Included
in this section are a table of the perameters that remain constant through-
out “he booster flight, a table of the time variable parameters et seventeen
times of filight fsr an all-epgires-burning trejecticry, z tatle of fluid-slosh:
parameters at four times of flight, ard structural-mecdes parameters. The
wind profiles suggested by MSFC for use in evelvating control system resoense
te wind disturtances zre shown in Figure 1. These profiles were ccnstiructed

from Jdata given in Reference 1.

3.1 Table of Constant Parameters

A 33.467522 n®
g 9.7 m/s—:-:c:2
L 318.54 kg-m—sec2
L 0.68603 m
m 2647.2183 kg-secz/m
m 1156.1508 kg-sec’/m
m 298.34 kg-secz/m
r 2.413 m
0.0 , deg

a mex 7 deg
éa max 25 ceg/szc
3
CR 0.7
4 AE 0.05
C 0.15

&




Table of Comstant Parameters (continued)

ey Vg
» B ®

vy

o

!:Um

QVWHW»

-
L

o8

o

{preferred;

(preferred)

0.966
0.07
1630
1630
950
100
1800
1/282.6
56.55
188.5
34.5
62.83

251
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rad/sec
rad/sec

rad/sec




8620 A22-RU -000

Page

L 6% L9z 0tgoLT £Q 099THE 6g41T woﬂxma.a A T
6°¢S 092 6GoTHE 602 otEER9 91221 woﬂxmm.a 6°gfT
S Ly 62°'¢ GEITHE 629 olLztg9 20EHT moﬂn:m.ﬁ oft
9°0h int GESTHE olLlt oLTEg9 09T moaxbo.m 021
141 16°€ OEHTHE EYah 098289 82261 woaxwm.m ot
0°TE LEE G660HE 6ETTT 066TR9 6912 moﬁxmm.m 00t
2-L2 20°'¢ GO66EE ceon2 0TgéL9 gELonz woaxOm.m 06
gtz 19°2 CnoLEE G2ty 0624L9 96492 woﬁxmm.u 08
L°02 otz 099€EE 60165 02£L99 61682 moaxmm.m oL
6T 22 LGo2¢¢ ontgl €rTH99 9h962 moaxam.m L9
€9t €12 oollzE oolLtg (0s 144 enett moﬁxmm.u 09
Ly Loz 00%02¢ ™eey 000TH9 #9LEE eoﬂamm.u 0
8°91 20'2 G2TETE 2069T 052929 LeT9t woﬁxmm.m on
9°ST 00°2 6tl90t 1966 otHET9 oTogt woaxpm.m ot
94T 00°2 066108 Qr29 086£09 gtoth OTXOH "2 02
L €T 00'2 692662 0692 056965 G6ELY, woaxm:.m ot
0°ET 00°2 GhEg6e 0 069965 6LgsN woﬂxﬁm.« 0
2998 /u o % oy % a\moue Wx uuwom\ﬂu o8
G/ (a-2) N, R a L % T oury

-y

Syt




ALy
VAV

-8J

"6/‘ LAnA
cbz0-50C2
.

ce 10

a

H° 66 0" ) 0623 2€ 022902 G2 T°2L £662 6°HT
7764 N 65 oz2lt -2t LgEg 5T 9 S %9 oTH2 6°gET
L. g 2+ LS 9L2E 1€ 29L0°'QT GET 2 45 G66T 0£T
T°6§ 248 QTEL 1€ 2t 9T 862 2°th 0191 021
1°26 Q' 14 QTET & GHEE " GT S9 96t 0621 0Tt
< 9N 2 qn £6TL € #9191 "l21 2°g2 70T 00T
6°€q 8 €Y 1969 2¢ 0062 HT Ente 6°12 6L 06
9°gt g Qf LgE6 EE 6Q20° f1 £262 9'97 419 08
g-2t 9° 2t S6LT"SE 868 €T GEHE 2°21 €Ly oL
L+of 90t 7606 Ge T€Eg-€CT #26€ TTT gty L9
G'92 0°'92 £296°GE HR6Q ET Gate 9°Q ¢ot 09
£-61 £-61 Lgga -9t GOEGS-ET 1992 LG LLz 0%
T°ET 9'ex E£6TH 9t 6520° T geLT € 961 o]
0L 9°9 ohgh "9t COST 4T Tth 8T 2ET ot
G2 2°2 gt 9t a02h " K1 09¢. L eLL 03
T 0000°* 9hgh ot 13 HT 29 2" 9t ot
0000° 0000° ongh ' 9€ GLLR NI 0000° 000" 0000° o
dop Bap w w ms\wx uoy o9s /u oas
P et d° t b u A auty

3

3




- .

Frcy

3.3 Table of Fluid-Slnab Parameters

cps
cps

cps

i=2
i=3
i=l

1i=5

8620-47 TZ-RU-000

Page 1}
0 sec Lo sec 80 sec 120 sec
- 3.b5 - .C6 4,57 12.02
- 4.0 - .62 3.96 11.87
- 3.93 - .o 3.94 11.69
-8. -9.28 --9.08 - 5.16
-11.81 -12.68 -12.48 - 8.56
.0086 .01k 0166 .0225
.0097 0128 .0187 .030k
.0069 .0091 .0132 .0213
0577 0761 1109 .2039
003 . 0056 .0081 L0149
.79 .813 1.030 1.216
.880 .995 1.260 1.633
.880 .995 1.260 1.633
4e3 b7 .606 832
455 .560 .08 974

., 1=1 105 in.. Tenk

T0 in. Lox
70 in. :Kuel
Second stage Lox

Second stage mz
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3.4  Structural-Modes Parameters
Firat Mode
Liftoff Max Q Cutoff

Stalion Mode Mode Mode Mode Mode Mode
Deflection Slope Deflection Slope Deflection Slope
in 7t in~t in"t
0 .250 .00070 .255 .00090 .250 .00093
S0 .210 .00070 .210 .00094 .215 .00094
100 AT75 .00070 170 .00095 .170 0009k
150 .140 .00070 .125 .0009% .120 .00092
200 .110 .000T0 .085 .00092 .080 .00091
250 .075 .00070 .ols .00090 .030 .00088
300 .0k5 .00069 .010 .00086 -.010 .00084
350 .015 .00066 -.030 .00082 -.050 00080
Loo -.015° . .00061 -.070 .. 00076 -.090 .00075
kso -.0bs .00056 -.100 .00069 -.120 .00069
500 -.075 .00048 -.135 .00060 -.155 .00062
550 -.103 .Q00LO -.160 .00052 -.185 .00055
600 -.130 .00030 -.190 . 000L% -.210 .000L6
650 -.1k5 .00020 -.215 .00034 -.235 .00036
700 -.150 .00008 -.230 .00023 -.250 .00026
750 -.145 ~.00005 -.2%0 .00012 -.260 .00015
800 -.140 -.00020 -.2ho 0 -.265 .00003
850 -.120 -.00034 -.235 -.00017 -.260 -.00010
900 -.095 -, 000L47 -.220 ~.00036 -.255 -.0002k
950 -.070 - .00059 -.200 -.00056 -.2k0 -.00039
1000 -.030 -.00071 -175 -.00070 -.220 -.00052
1050 +.010 -.00080 -.140 -.00081 -.190 - .N0065
1100 .050 -.00088 -.110 -.00031 -.160 -.00077
1150 .090 -.00093 -.100 -.00098 -.120 -.00088
1200 135 -.00098 -.060 -.00104 -.080 -.00098
1250 .185 -.00100 +.015 -.00109 -.0bo -.00103
1300 .235 -.00104 .085 ~-.0031k +.010 -.00108
1350 .285 -.00108 145 -.00120 .070 -.00118
1k00 .340 -.0011% .220 ~.00124 130 -.00130
1450 400 -.00115 .280 -.00129 .200 -.001k0
1500 455 -.00118 .350 -.0013h4. .80 -.00148
1550 .515 -.00121 .l2o -.00139 .355 -.00156
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First Mode
(continued)
Liftoff Max Q Cuto?e
Station Mode Mode Mode Mode Mode Mode
Deflection Slope Deflection Slope Deflection Slope
in 1n~1 in~t n~t
1600 .575  -.00123 485 -.00143 430 .00160
1650 .630 -.0012k .5k -.00146 .505 .00164
1700 605 ~-.00125 .635 -.00148 .585 .00168
1750 .T55 ~.00126 710 -.00150 655 .001A8
1800 810 -.00126 .780 -.00151 .T50 .00168
1850 .880 -.00126 .860 -.00151. .830 .00168
1900 .950 ~.00125 9ko -.00148 .915 .00165
19ko 1.000 -.00124 1.00C -.00146 1.000 .00164
Time Freguency Modal Mass
Liftos? 1.6318 cps  61.87 1b sec’/in
Max Q 2.0925 cps 48.21 1b sec®/in
Cutoff 2.5601 cps 35.20 1b seca/in

€l = 0.005
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Seccnd Mede
Liftoff Max Q Cutoff
Station Mode Mode Mode Mode Mode Mode
Deflection 8lope Deflection Slcpe De:lection Slope
in in-l in'l in-l
0 -.2 -~ -.0009 -.36 -.00156 -. ko -.00268
50 -.16 -.0009 -.29 -.0016 -.28 -.0027h
100 -.12 -.0009 -.20 -.0016 -.13 -.00270
150 -.08 -.00088 -.12 -.0015 .00 -.00262
200 -.03 -.00084 -.05 -.00156 +.12 -.00250
250 .0l -.00078 +.02 -.0014 .24 -.00232
300 .0k -.00070 .06 -.0012 34 -.00210
350 075 - .00060 .1k -.00108 b2 -.00186
koo .095 - .00048 .18 -.00085 .50 -.00158
450 11 -.00035 .21 -.0006 .57 -.00128
500 a2 -.0002 .23 -.0003 .67 -.00096
550 12 .00000 .2k -.00002 .69 -.00059
600 115 .00020 .2k .00022 .69 - .00025
650 .10 .00042 .22 .000k45 .69 +.00010
700 .08 .00061 19 00062 .68 .000ks
750 .055 .00072 .18 .00078 .65 .0008k4
800 .02 .00076 n .00088 .0 .0012
850 -.02 .0007k 05 .00096 .52 .0015
900 -.N6 .00068 .00 .0010 ik .0018
95¢ -.10 .00065 - .06 .00104 .33 .0035
1000 -.155 .00068 -1 .00115 .21 .00270
1050 -.20 .00070 -1k .00116 .05 .00284
1100 -.23 .0006 -.20 .0010 -.09 .00278
1150 -.2L5 -.00010 - -.22 .00005 -.18 .0019
1200 -.24 -.00092 -.24 -.00017 -.25 .00115
1250 -.25 -.00066 -.23" -.0003 -.29 .00072
1300 -.18 . =.00088 -.18 ~-.0005 -.32 .000L
1350 -.1b -.0011 -.17 -.0007 -.33 .0000
1400 -.09 -.0013 -.13 ~.0011 -.31 -.0006
1450 -.02 -.0015 -.08 -.0015 -.27 -.00125
1500 +.05 -.0017 .00 -.00168 -.20 -.00162

1550 .1h -.00185 +.08 -.0018 -.J0 -,0020
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Second Mode
(continued)
Liftof? Max Q Cutoff
Station Mode Mode Mode Mode Mode Mode
Deflection Slope Deflection Slope Deflection Slope
iz in"t in"t in"1
1600 .24 -.00201 +.20 -.0033 +.02 -.0023
1650 .3k -.00212 +.31 -.00235 .16 -.0026
1700 b6 -.00218 +.42 -.00235 L 28 . =.00285
1750 .57 -.00220 +.54 -.002h 2 ~.00298
1800 .68 -.00221 +.66 -.002L .56 -.00300
1850 .80 -.00221 +.77 -.0024 .70 -.00297
1900 .90 -.00220 +.9 -.00235 .85 -.00288
19k0 1.00 -.00218 1.0 -.0023 1.00 -.00276
Time Frequency Modal Mass
Liftoff 4.5513 cps 37.82 1b sec?/in
Max Q 4.9971 cps 48.096 1b secz/in
Cutof? 7.2035 cps 57.173 1b sec>/in

L, = 0.0
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Third Mode
Liftoff Max Q Cutoff

Stetion Mogde Mode Mode ¥ode Mode Mode

Deflection Slope Deflection Slope Deflection Slope

in j_n’l in-l in-l

0 1.05 L0064 1,020 .00608 T .00541

50 1.0 .0066 1.000 .00629 .1 .00575
100 .65 .00658 .750 .00632 .20k .00568
150 .385 .006kh 470 .00617 ~.065 .00518
200 .125 .00609 ) 00575 -.k2s .00k00
250 -.12 .00516 -.225 .00390 -.570 .00256
300 -.35 .00372 -.335 .00260 -.645 .00134
350 - .00328 -.hoo .00156 -.6T0 .00030
k00 -.58 .00292 «.430 00016 -.€65 -.000544
450 -.59 .002kk -.430 -.00160 -.625 -.00130
500 -.555 -.,00156 -.345 -.00250 -.560 -.00198
550 -.bhs -.00238 -.210 -.00295 -. 455 -.00246
600 - -.00304 -.070 -.00318 -.325 -.00271
650 -.053 -.00332  +.10 -.00311 -.190 -.0027h
T00 110 -.00332 .285 -.00300 -.06 -.C0266
750 210 -.00256 435 - .0026% 06 -.002u42
800 .250 - .00088 .50 -.00168 17 -.00209
850 .260 -.00022 .520 00010 .27 -.00159
900 , .25 +.000k2 .500 .00086 Nt -.00090
950 .210 .00120 . bl0 .00176 .35 -.00001
1000 135 - .00264 335 .0031L .32 .00088
1050 0 .00288 .150 .00360 .26 .00180
1100 -.205 .00270 -.065 .00350 A7 .C0280
1150 -.290 .00100 -.205 .00194 055 .003k2.
1200 ~.335 00064 -.305 .0013b -.075 .00348
1250 -.355 .000k2 -.370 .00102 -.21 .00306
1300 -.355 .00010 -.ho8 .000T0 -.35 .00211
1350 -, 345 -.00030 -.42 .00028 -.185 .001k0
1400 -. -.C0086 - -.000328 -.550 .00072
1450 -.285 . -.00137 -.360 -.00121 -.560 .00006
1500 ~.230 -.00182 -.290 -.00197 -.540 - .00060

1550 - -,180 -.00219 -.185 ~.00242 -.4%90 -.00128
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Third Mode
( continued)
Liftoff Max Q Cut.£f
Station Mode Mode Mode Mode Mode Mode
Daflection Slcpe Deflection Slope Detlection Slope
in int in™t int
1600 -.06 -.00249 -.075 -.0027h4 . =.380 -.002C3
1650 .09 -.00272 .055 -.00305 -.220 -.00288
1700 .28 -.00287 .19 -.003Lh -.045 - .00400
1750 155 -.00296 .3h -.00323 +.135 -, 00kL7
1800 615 -.00298 .51 -.00328 -335 - .0046k
1850 .TT0 -.00296 .685 -.00326 .5k -.00461
1900 .05 -.00285 .88 -.00318 .19 -.004ko
1940 1.00 -.00269 1.00 -.00301 1.0 -.00390
Time Frequency Modal Mass
Liftofs 7.0375 cps 274.43 1b sec®/tn
Max 8.1376 cps  226.03 1b sec?/in
Cutof? 13.7366 cps  59.933 1b sec?/in

¢3 « 0,005
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h, ADAPTIVE ANGLE-OF-ATTACK STUDY

This gecticn contains the equations and compuied coefficients for use
in the study of the adaptive angie-of-attack cortroul systenn The coordinate system

and missile geometry conventions used are shown in Figuvres 2 and 3.

-The information for this study is divided into two sectioins, that for
the digital analysis and that for the analog computer sim:lation. Section 4.1
contains a discussion of the assumptions mad- and the effects included in the
digital analysis.

Section 4.2 contains a discussion of the assumptions made and the effects
included in the analog computer simulation of the missile dynemics. This is
followed by a list of the equations and disgrams of the computer mechanizaticns
for use in the simulation. The remainder of this section contains the computed
coefficients for use in the computer simulation.

b1 Digital Analysis

The a2quations and computed coefficients for use in the digital analysis
of the angle-of-attack control system are presented in this section. The
purpose of this analysis is to choose the control systen gains that
uged in the analog computer simulation and to obtain frequency response and
transient response data to be used to check the analog computer simulation.

The ccefficients for this analysis were computed at three tim=s of
flight correspond.ng to the time when the angle-of-attack feedback loop would
be closed, the time when maximum dynamic pressure occurs, and tre time when
maximum sy:-tem gain occurs. . Ia using the eguations in this eeétion, an
attempt was made to include all linear terms consictent with the following
assumptions:

1. A1l physical parameters of the missile such as mass, inertia, and
thrust are considered constant.

2. Aerodynamic forces are assumed to vary linearly with the total
angle of attack developed by the centerline of the missile.

3. The dynamic equations are for motionz in the missile yaw plane,
The trim eonditions on Qa, ©, and 8 will be zero in this plane. The
equations are al3o spplicable to the pitch plane if the trimmed * dues
of these variables may be neglected.
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Figure 2
Coordinate System for Angle-of-Attack Study
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Figure 3

(3 ]

Migsile Geometry for Angle-of-Attack Study
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L, The effects of fluid slosiking in the tanks are neglected.

5. The effects of flexible body bending are neglected.
6. All sensor instrument dynamics are neglected.

b.1.1 Equations for Adaptive Angle-of-Attack System Digital Analysis

1. Moment Equation

¢ ¢

(& € (1 411 .

529- EP 21 a4+ 1D nnl sd

1 \
s
T -\ 2 .‘8 T-D
) E{l +»r + 1, cos B - ﬂid)+mn ln_Ml_ 5 = 0
Il

2. Forxmal Force Equation

T-D-Mlg cos Ty + N'

"

(5 -§)52-s\l+ cos 0+ ({sV +
22" g o

m 1

L
+ —Aﬁ'lg—— 32 + —%1— 5 = O
3. Engine Dynamics Eguation
4Nt
I + mnlall 2 mn nN
—-———I g 0 - S a
n nl

2 ) - - !
(mnln) 2 C 2 mnln(T D-R')
+ - - 8 + & n@8tw t— T o)

! I
2

+ -2 Cn"’ns'“’n 6a=0

4, Angle-Of-Attack Meter Equation

§a' E2

80 -~-a+qa, =0

i
5. Control Law Equation
‘a)0-b 5'=0
-a, 8 '8 - b + 8, =
6. Control Integrator Equation

1..
-s-KIJGC +s&c=0
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7. Actuator Equation Page 23
o (. > ]
-u)ad 5, + (Lsd + 2 S @ B+ wa&f‘ By = 0
4,1.2 Tsble of Caefficienis
- 20 sec 67 sec 136.9 sec
N'(§cp-§1)/ll l/sec2 .2215283 2.457713 .0b534357
{T/ 4 [lfV ra-&li cos(p-p, d)]
+m 1 ( T-ryul> /5, 1/sec” 1.505226 1.614720 3.760221
{ 1n+mn1n11) /Il ------ .0C114589 00112389 .002%k42ks5
¢
§ 25 n .0920378 121776k . 4502196
v n/sec 77 438 2l1o
€ cos 1 n/secz 9.782785 8.426664 5.6h2222
(T-D-Nl( cosrc’-t—li')/ldl n 5. hohhe 23,32!-3? 53, .
‘nln, m .00k98 7937 .006303793 01675426
, 2
R /M1 n/sec T.3596861 11.200735 27.967829
(In-mnlnll) /In ----- 8.633642 8.256156 12.114934
' 2
nl¥ /Inu1 1/sec .3773256 5.7913439 . 300600
2
-(m2 )°/1 M e -996195 -995564 -989235
¥ A — 8.7962 8.7962 8.7962
2 : ]
wlmd 1 (DR ) fse® 52262 3953.1353 3965.5573
2 ]
o 1/sec? 3947.61 3947.61 3947.61
(s o tfe) N sec . 405290415 .0725231141 0105519004
2l o lfsec ~ 66.65k 66.65k 66.654
mf 1/sec? 1150.25 1190.25 1190.25

4.2 Aoalog Computer Simulation

The equations, computer diagrams, and computed coefficients for use
in the maiog computer simulation of the missile dynamics for the study of the
adaptive aagie-~of-attack control system are presented in this section. In using
the equations in thise section, an attempt is made to include &ll linear terms
congistent with the following assumptions:
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In writing the equations, all physical parameters of *he
missile such as mnss, inertia, and thrust are considered ccnstant.
However, in perforaing the simulation, the siguificant time
variable ccefficients of tke equations are varied. Some of the
time varigb’e coefficients of the equations which preduce
high frequenc) effects such as the ergine reaction zero, or
which do not vary significantly -are held fixed at values
corresponding to the time when maximum dynamic pressure

ocCurs.

Aerodynanic forces are assumed to vary linearly with the total
angle of attack d=veloped by the centerline of the missile.

The dynamic equaticns are for motions in the missiie yaw nlane.
The trim conditions on @, 6, and & will be zero in this plane.
The equations are alco applicable to the pitch plane if the
trimmed values of these variables may b neglected.

Fluid sloshing in the tanks is represented by two mass-snring
analogs. One mass-spring analog is used to represent the fluid
sloshing in the booster stage tanks and the other mass-spring »
analog is used to represeat the fluid sloshing in the secomd
stage tanks. The fluid slosh data given in Section 3.3 was
reduced in the following manner: The fluid sloshing in the
secord stage I..H2 tank was neglected and only the fiuid sloshing
in the second stage LOX tank was included in the second stage
slosh mode. The mass of tae booster stege slosh mode is the sum
of the sloshing masses in ihe bcouster stage tanks; the attach point
is the center of mass of the slcthing masses in the booster stage
tanks, and the frequency of booster stage slosh mode is the fre-
quency of the large booster stage ".ank sloshing fluid. Nonlinea.
damping "0 07 oo e T T mrles - oanhiest wEres T
stability at the critical times of flight. The slosh data is
used in this form since the slosh stebility problem is not being
considered in this study, and since tie slosh modes are being
included in the study to determine their effects on the adaptiwve
angle-of-attack control system. This nethod of representing the
slosh modes was adopted at the suggestin of Mr. Helmut Bauer of
MSFC. It should be noted that the values of the sloshing masses

PSS
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3 and the ratio of the two slosh mode frequencies are held fixed
at the liftoff values.

5. The effects of flexible body bending are neglected.

6. All sensor instrument dynamics are neglected except for the
aceelerometer dynamice.

The camputed coefficients for an all-engines-burning trajectory
are presented in this section. Thisrincludes a table of the coef?icients
wvhichk remain constant with time, a table of the coefficients whicn are
varied with time, and & table of the time variable coefficients which are
held fixed at {;he values corresponding to when maximum dynamic pressure cccurs.
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4.2.1 Equations
1. Moment
e T ‘\/ 2 2
1,0 =-L (134- r" 4 1.7 cos (B - Byy)) +mdy
- [In + B :i.n 13} 5
+ N! (§c’ -£3) x

+m [% +mL2 (§L -§3)]’\L

+m, [T";D +91F2(§F°§3)]/\F

-Vttt

2. Acceleration Normal to Missile Centerline x*
H3ZB = R'¢+mnln5 + N'a
3
R PAEE T
>
3. Acceleration Normal to Reference
.o .o .o
Z, =2 + (&, &) e+ 5= e
g 3 e -3 M
4, Angular Relation
Q- '.Zw = w
5. Normal Force Equation

ICRIZEESENSEA)
+gcosro(6-yJ)+ T;’lD sU

T-D

"

|

* Present only in engine-out case
** Al]l Z:mccelerations do not include gravity
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6. Slosh Equations
)‘L = ’%3 i (§L '§3') - agL“fL’iL - “ta’\L
Ky = 'Zz'a3 -(€p-E0- 2 G Ay - ' Ay

7. Engine Dynamics

.e I+ml ve m2l .o
nn3 nn
Om ;i (<" T ZB..
n n 3
+2C 6 +a) Ea
mn n T - D

-ag w&-(m +

8., Actuator Eguation

e 2 . o ‘2

Ba =@ & - zCa 0 8y T 9, By
9. Angle-of-Atiack Meter Equation

ga '§z

aiz-—-——v—-—G'i-a

10. Accelerometer Dynamics

A=wAZB+a)A (§ §)

"ngAi @y Ai

11. Measured acceleration Normal to Reference

L ) T
= A ..,-—..-—.-—0
z'ri' TN
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4.2.2 Anslog Computer Mechanization

This secticn contains diagrams of the analog computer setup used in
the study of the programmed and the adaptive angle-of-attack control systems.
A discussion of the check procedure used to verify the analog computer mecha-
nization is also included.

Figures 4 and 5 are the mechanization diagrams of the missile dynamics
as described by the equations listed in Section 4.2.1. Figures 6 and T are
the mechanization diagrams for the wind disturbances and the engine out dis-
turbance. In this study, the engine out disturbance consisted of the inclusion
of a disturbance moment and a disturbance normal force and the reduction of the
control moment per unit of control deflecticn. The engine failure was simulated
by using an exponential thrust decay with a one-third second time constant.

A detailed check procedure was used to verify the aralog computer
mechanization of the missile dynamics and the basic angle-~of-attack control
system. Frequency responée checks of the analog computer mechanization were
made at two times of flight with all time-varying coefficients fixed. These
results were compared with the Iig¢pscncy response data obtair 1 from the
digital computer analysis of the simplified system equations given in Sectlon
4,1.1, and the results agreed. Transient responses to step changes in angle
of attack due to wind and to step attitude position commands were also measured
at two times of flight and compared with the results of digital computer
solutions of the simplified equations. These results also agreed. Finally,
static checks cf the analog computer mechanization were made, and all time-

variable coefficients were checked by reading them c.it on aun x-y plotter.
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Definition of Variable Parameters on Computer Mechanization Diagrams
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£,= 4 (x, + en/dn)

fn

T3

+m 1 (
n°n

W&, -3

1/1

/8 4 132
Rl
N'
1/1%
(T - D)/M;
(T - D)/M,
1fv
g cos ro/V

a

)

gL B §3

§r ‘§3
(§a'§z)/"

q
k

3
T - D)/M,

(B - Bid)

T [l + Vr2+lacoa (ﬁ-Bm)]
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Table of Constant Coefficients

2647.2163
1156.1508
204.67
64253

. 5883055
.3481022
3197.90
79..70
1190.25
66.654
3947.61
8.7962
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kg-secz/m

kg-secz/m
2

kg-sec”/m

-1
m
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5. ADAPTIVE DIGITAL~-CCMPENSATION STUDY

This section contains the equations ard psrameters for use in the study
of flexible-body stability using an adaptive digital-compensation control system.
The coordinate system and missile geometry conventions used are shown in Figures
8 and 9.

In using the equations listed in +this section in 5.1, an attempt is
made to include all iinear terms consisteunt with tae following assumptions:

1. All physical parameters of the missile such as mass, inertia, and
thrust are considered constant.

2. Aerodynamic forces are assumed t¢ be independent of the local
bending slope and are assumed to vary linearly with the total angle
of attack developed by the sverage centerline of the missile.

3. The dynamic equations are for motions in the missile yaw plane.

The trim conditions on<¢, 9, and § will be zero in tkis plane. The
equations are also applicable to the pitch plane if the trimmed
values of these variables may be neglected.

L, Normal modes are determined for free-free end conditions and include
effects of bending and shear. Effect of axial force on bending is
neglected. The bending modc data given in Section 3.4, which were
generated with the control engines removed, have been renormalized
to give bending modes for the complete missile with locked actuators
and with modal masses equal to the total mass of the missile. The
data was renormalized to this form to allow simplification of the
equations «nd, thus, reduced complexity in the analog computer
mechanization.

5. The control thrust, defined as the thrust available for ccntrol
in a given plane, is equal to 1/2 the total thrust and comes from
one engine on the missile body centerline.

6. The effects of fluid sloshing in the tanks are neglected.

The basic missile and trajectory parameters used in the linear stability
studies of the Saturn C- configuration are given in Sections 5.2, 5.3, and 5.L.
These parameters were used as Inputs to the digitel computer runs used in the
linear stability studies. Section 5.2 lists the parameters that remain constant
during the booster flight. Section 5.3 lists the variable parameters at the
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three times of flight which were investigated. Section 5.4 describes the reo
normalization computation made on the bending data given in Section 3.4. The

renormalized bencing date is pressnted in graphical form.

The analog computer mechanization of the missile dynamics used in this
study is described in Section 5.5. The computed coefficients of the equations

mechanized are listed in Section 5.6.
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Figure 8
Coordinate System for Bending Study
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Equations

Acceleration Equations
) - N'1Y - - R! I * _
My 8, N'(QX+ (Mgcosyo) e + Dw TL//T R 6+-8 sin'@_ =

T-D

&, = - 8&cosy,

Normal Force Equation
8, + (vs + ax)a+ Vse ~ (Vs + ay)w + (Vs - a'x)aw =

Monent Equation

va—l

'l 2. D
—L2 A+ 5% += v
L 1

™ '
VLN
1 1
Centerline Deflection Equation

Mlv - mnln5 =0

Centerline Rotation Equation
Lw+ (I + 111nmn)6 =0

T, Br* B I

Gimbal Displacemeat Equation
bp-veiv-L ¢ ({pg -
i -
Gimbal Slope Equation -

%-“-§ g (§T)q1=

Bending Mode Amplitude Equation

Bt G v b () Yo v omB 9y (€
_ BT_ r cos/s ¢i’ (§T)* + (32 + 24191 8 +¢.,2‘L) Yy
- % (€ s 2--%‘}1:—‘1‘i (£ 8

Present only in engine out case.

7 [ 2
- Tllr+l] (/3 /;id




g.

10.

11.

Engine Dynamics Equation

m 1l I+1.1m m 1
nn L inn 2
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5.2 Table of Constant Parameters
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slugs
pi
slug-ft2

rad/sec

ft-1b-sec
1/sec
l/sec2
1/sec

rad/sec

sec

ft/sec2
in

in
in

in
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5.3 Table of Variable Parameters
Burnout
Liftoff (t=0) Max Q (t=6T) (t=138.9)
M slugs 30829 19921 8209
2 6 6 .6
I slug-ft 18.1x10 16.9X10 11.4%10
To rad , .534071 1.029745
v ft/sec 0 1437 7907
T 1b 1315476 1464118 1506440
q 1b/rt? 0 721.8 i2.5
Cy rad”! 2.00 2.25 2.80
a
D 1b 0 172710 461
f 1 in 585.73 547.18 783.62
§cp in 1436.4 1397.85 1274.09
o rad/sec 10.2017h 13.12642 16.14596
w, rad/sec 28.46236 31.22392 45.52398
g rad/sec 43.32002 49.88555 85.67030
él 0.005 0.005 0.005
Cz 0.005 0.005 0.005
C 0.005 0.005 0.005

w
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5.4 Renormalized Bending Data

The rerormalized bending data, used in the linear stability s“udies

descrited in Volume 1 and in the simulation of the missile dynamics for

R the study of the adaptive esystem, are presented in this section. Thic
data is different from the bending mode data provided by MSFC for this
study, which was generated with the control engines removed and is pre-
sented in Section 3.4%. The original data was renormalized to give bend-
ing modes for the complete missile with locked actuators and with modal
masses equal to the total mess of the missile. The method of renormaliza-
tion used is described in detail in this section. The procedure was used
to allow simplification of the missile dynamic equations by Jecoupling the
bending mcdes and, thus, to reduce tha complexity in the analog computer

mechanization of these equatioms.

Plots of the modal deflections and slopes for the first three
renormalized bending modes are presented in Figures 10 to 15.

i With no external forces, such as aerodynamic forces, gravity, or
thrust, acting on the missile, with actuators locked, using bending data
generated with control engines removed, and neglecting structural dsmping,

the missile dynamic equations reduce to:

.. .. 3 . 2

AV + Biw o+ JZ=1 ci.j Q + MB—ﬂi— Q =0 (1=1,2,3) (5.4.1)

Mv+ § Ay Q = 0 (5.4.2)
F1 J
3 .

I w+ ) ByQ =0 (5.k.3)
51

vhere
ao=my € (8 -am € fT)

TSI TIPSR SR e Y
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y
o
o
i
Ce

clj=‘ﬁi(§T)A-m1 ‘f'i(scT)+
0 i#]
. 1 F.
L, = 1 qﬁl (g’l‘) - g (=g ’

Substituting Equations 5.4.2 and 5.4.3 into Equation 5.4.1 and writing this result

in matrix form gives

] [QJ? s 4 EK] [Q] = 0 (5.14.4)
With the equations written in this form, the coupling between the modes
3
due to the engine results in off-diagonal terms in the matrix [M.] . This matrix

can be diagonalized, which decouples the bending modes, by expanding the coupled

amplitude functions, ., as a series of orthogonal functions, gq,, such that
b i ’ i’

Q, = ) 4 (5.4.5)
J i %314

or, in matrix notation

§ - Bl (5.6

S

The [E] matrix is the modal matrix determined by solution of the

characteristic value problem

bS] - [ )
[MJ E| | o = x| [E (5.4.7)
where [a?] is a diagonal matrix with diagonal elements equal to the squares of

the uncoupled frequencies (eigenvalues of the characteristic value problem).

Solution of the characteristic value problem, Equation 5.4.7, makes it

possible to write the bending equations, Equation 5.4.4, in the form

M (s [1] [q] + [(02] [q]} = 0 (5.4.8)
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where [I] is the identity matrix.

-

The modal matrix, [EJ , has been normalized with respect to the total mass
such that

ERCICERRE (549

vhere [E]T represents the transposed modal matrix.

The displacement of the missile centerline may be expressed as follows:

B
7 Py k

J 3 Qj + VvV + XW (5.%.10)

where ¢. is the mode deflection corresponding to the orthorgoral modal amplitude

l |
function, 1y end x = 75 ( é - §i).
Substituting Equa.ions 5.4.2 and 5.4.3 into 5.4.10, this becomes

) ) i RS |
7 P g -g (’FJ % x ) @ (5.4.11)

or in matrix notation
(8] x fa] = |[f-5-x3 . ] (5.4.12)

Substituting Equ-tion 5.4.6 into 5.4.12,

-

v A B
Bl fa] = 17-5 - x 2 ] (5.4.13)
{ ]1‘ J L ‘M I 7 [EJ [q}
Thus,
A B
By = |75 - x% ]| [g (5.4.14)
T
or
A B
b= L (@ - g - x ey (5.4.15)
The rotation of thé missile centerline and center of mass may be ex-
pressed as follows: &
¥ o
=Y p,oa =20F¢ (5.4.16)
w J nj tj J J Q.j + w X B

LB e AR
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t
where ¢ is the mode slope corresponding to the orthogonel modal amplitude

function, qj'

Following the same procedurn as above, the following is obtained:

Z(?”'

5.4,

e (5.4.17)
Thus, Equations 5.4.15 and 5.4.17 2nd the modal matrix [EJ are used

to obtain the renormalized mode deflections and slopes. The diagonal matrix

[u?} has as diagonal elements, the squares of the renormalized mode frequencies.

The original bending data, which was normalized to have unity deflection at

the nose, was first renormalized, so that the modal mass of each mode equaled the

total mass of the missile, by multiplying the mole data by ) M/m:l . Thus,
- l ) .
Wi = M/m_ 2 pi (5.4.18)
and
‘
9, = J (5.4.19)
vwhere ?; and %; are the mode Jdeflections and slopes of the original bending

data. .

A géneralized eigenvalue digital computer program was then used to solve
for the eigenvalues and eigenvectors of Equation 5.4.4. The eigenvalues obtained

were then the renormalized mcde frequencies, w,. The eigenvectors obtained were

i
normalized by assuming

Sl b [ = w [s)e [ (29
Thus, by Equation 5.4.9

[E]T [E]:[I] (5.4.21)
or

% ejiz = 1 (i=1,2,3) | (5.4.22)




8620 -6002 -RU-000
Page 51

-
4
X The modal matrix [E] , and Equations 5.4.15 and 5.4.17 were usec to compute the
renormalized mode deflections and slopes. The results are plotted in Figures

10 to 15. The renormalized mode frequencies are given in Section 5.3.

At 08 e ol NCEMI “METINOR ™ 7 L 1 st - B




8620-600 2-RU-000

i

_ 1

——

: i
P R

1 i R -t - R St Sl eebienbtet nasliae = -
! , . _ K
B ‘Iu%l i i : T \ ]
S T St SRt T e s R
s : | ¢ N : i -
A R LS -
1 ; e - e e o TP e
mf. — e ooz, ey T i
! ' . { ; : : L ' .
i . T B B I B e Tt R SR A St S — b
_1!.! e H . ¢ H . .\\\ —y : - lu¢4!|.
! N ! A w SR SN SN SN MO S0 N de - . _ -
RS BRI ol BEIE el Bl Sl R LV SR _ .
b : L - : Ldpr A . et
T I T DRI R 2NN A0 174 N R A R T T
AR A B L DN [ | .
CTTTYT T | -1 . 7 \+ : . ! i Ty ' . S P
R RO S N IR SRS SN B B4 . e T [ I
_ | ! u | ! M / /< ; o , L
T\:l 1 1 " lwllr' ! \ B \ 1« T ‘I*n.l T
., ' ! .“ - |M e . ~ R T e s ].su ...l\ [P R R - I..\ l\:w...lr.Jn - —— n._cl; - Fo-e b -
R i — : i 4 / : : ! : :
! i 1 4 ‘. . i { . i . 4
. ] B UL [N SRR U U P A [ T T ! o R N T JUSHE SUNDOURN S — by
SR M R A IR ! ; 1 - i e
. 7 n : Lol , -
_”., R IW.‘ -+ -+ -+ -l:.“\!i,inla‘ ot el iy St aent SR T oo fmen RS Sttty St i -~ ,._., .-
l . P . H 1o . i ORI S
N /1 feif - SNSRI O N P IO O M B A
. ey T _ UV T AT A T IR ! o ’ : : ; i
DR . — 14 O N B DO T Pt T
' ' T kR AT AR A el S RPN S : 7l A St Sl il R M S B il
| ; __ : / L | - w o j ! . ! i N
P — i YA S A A B B T L‘
T B A A e b e e e e e
o ,m.' ) i i 4 e : ! . ' : )
A l ! M | ! | . i 1 ! . ! —lor . |
v v N R M SR el 07 S R W S D R A SRR i Ml R B .m-, i
{ S ST S S U o i : S I
B et s e i o LR e B e -
- - e - i e / - P ek - - -t - - i e —— ~ ~ - ‘;.” -
| NNy = i, | | |
I 4= I R IT!I%QRN«Q\Q ,hqot owranze xmw\\ i 2 B | 7 09 i
: b Co - B B I S y -
o TE e M o i N
T ; w ..I}!W T P_- i L O.ﬁvgvﬁmillf.ii ST ) - _ “I' T
; P P o I e I | _ S Sl fi i it Al ek s MDA S TR | :
! i ‘ B Vo . 3 |
= | — e I S - -
" i “ b o Pl | ‘ : - “ B .
i o o - T T T T H : . { N EN T - r ] I - H
._ . RSN B AUV S A L SO N | T L P

X




et
!
!

R

-

’3

i,

L]

8620-6002-RU-000

[ JVORS WEOY PO

]

i
!
i
!
|

PSS T,_ S
. )
E

| b
| w !
] —+ b
:.-J == - - —
L w
i m L
_ “ | SR - —
- - .d.l = -3 —
- i |

RS S [ S

ﬂ. e




~RU-0C0

8620-67". -

= s
- vl
3 HES
= -

b i 4

. i
! ‘ Lo : w\
. e I e
., i ¢ j ! .
i i : ! : !
- bes —— e Ml e i RS S B S
o 1 : ; i
[ + -1 i . L
'8 q N m i R _
oy I A T T R i T T
o T \a\ A% i : ; i
! 1 ] ' .
]

/ - \ !
1 e w : {977 S =
— N S :lﬁltﬂl\\“w z L -k w ._. I S
P [ _ |
ERyan C = P
i mw\) 2 A ot

; i
. ] X i : : j,f L - _“ :
T BN 0 N B A B N o I L
] T T T T T
L i i . 4 : ; M A ! J_l ! _ :
R - ||wulzo.“f; L, R N l.“ [N PR GOV JUNEY RO —— -!” 1. i “
N I I N I B TN I B
m * : _ m i ~ ¢ 1 _ i i
— T RN
A, T ] : 1 " K ! :
R - S llQlN\“ﬂ_. - m} 1 .bx.w. m - I+ i |l|n<|n T v.ml - |£.|L wl .“
il il skl Q,wj _ JI ] _ ; i i :
et el 7270 A R R I ]
L T A e R
— [ TSN SURE DN SUUROAE-SPU R ST S N SN O S —
] ! A j _ I ~ m [
© 2T e T4 i B b ! . : i i
"~ i M J - - - -t - “ TV - _Iylm - ‘i.’#v are 3T H 3}
m : ! 1 . : i : ; i ‘ ! !
L it H i i B . i
L A A Y
& i : [ i i ) | | : 1 [ .

ey




v
(A

e o B
d IS IOTH R - RN QO N SN S
. A ' !
- . 3
B fn il SRR AU I SRS PIN IO A z
H . . . } !

L3 ~ ~ g g - — .
LN P A oo d e ) ot , N
L.. : . AL e rte sy R '._~ ar i o i
m. | ! \ 1 : .

v T 1
] L ., ' | : ! _q
A R we e} [P 1Ty Li

yount ! ' | L I K ]
SIRVAN o ’ - A |

S T Bt o el _

' H p o rge S L —-pe i
. N T
i

H

.

i

v

et B S

g\

-

_ i ~ | 7
. T 1] wawer oyl o "_ X
Tl eaw i i .
! IO O .
oo o i
. Led ) ; r
T § §
o - L
. ! - L
1 = N AR T e
et L ..4.... ol A -
T T . ——
wpmiped o e de e fed L
faea .P.!:il. s 7 et foive of 4 N . i
Y o ot :
v e e e w ALY DERE TR TY . . o= fJuiae "l . ! ".
. . * T R A ! S
I S . ] ;
AR ! NN NN
} 3 e see rout comfs i bie : H i :
! : ! v - - o] ...+.1erl_:l!..|”. -
7 i * e X _ ; . .
RIS B T RN T RN
A _ n T
: S - '3 : ! ;
: - | , " : S t
- co e sy RECE el o i : i
_ ; “ , ; b N P O S - A
praw: mrvun whme o9 u n :
~_ . ! : ' L ! :
. ... . .m. . ﬁ." N RGN IS J ! T .
' - ot worf b S S RO
e e e . : ; ;
_ } * r~ ! < _
- i _ Vo o mad TN .4 i !
- i | o A b O
O O O Y T
B h ; “ “ i —de e R TSN S
" . T T T ' ; +
. : ! I | i
wed t _— T TESRE? EINE . M
.l..ﬂ * » : | L. w g

sy




T oevan ol ame oy

8620-60502-RU-000

TT T ;
et 1
A 1 I
: T
~.I K ] . ’
- L :
N 1 !
i =1
i : S
R Ll
, : ol e 3
- ! 4
— 200 —
- 4 . . . ‘
el T e
v ¢ i A
S Rt 0 ST FS NS N S
5 i N : 3
pore— it
SOPESUNR SR UV I NESG SO SR N
i N ]

_ —o |
e VT o Rt SR P BRI !
SR SR N S : R mﬂ.. — <=
| | A T I A R e Ty T
| f A I _ A . R SR i : #oATN —
e i fe et demd ) e _ A R B R Ao A N TS m .
! : alle LTI . § ; : H ) Lo N : 5 , B e SRR
. —-eif - v

sm o eder movahis vees mpumsisen gu W o

|
t

[

"

u

|

_. .
]

_

_

!

!

A SO FENT PR N RSN (RN Ml ) TN Uerd - :
. i :J_l.....nuhu\ﬁ_ J..\J.d..l'l..\x R it SR
! . . f Ce s | : . 8 : i1
. ) ! R T
el O T
i )] X L . , . .
| ! L Tt T T y )
. v o] w= . . ey H J" H
.— DAL LIRS LR DTN LY P I CE . . AN Y .. T T i 0."w»;.|1¢.t ~
) ! i ! b ced \ ; _ T ; : .ﬁ _
YRS ST e SRR ML AT FENUQAT TRRNY N P p : s s — - L S : -
T AU - o ncl.l P A A W X _— vy l....!nlvd..!v.li.,fc : ' o : "‘ .
P : i..w%ﬁ.u.ﬁ.rs SNITNIG ' aN023, s R : i 4 : : : ' D
| . PR A - . L ' , v v s N v ] N + =~
b omes amedema e die 0 e vt . — ' ,* . . ' o J ' IR R A Wli. ENCLN IR S X .-_l [
- - B gt 7204 qul i bl e : NTRNRIN I G
! ! AN ey e e .m.; AASRRSRLEN KR RATENERE SELEE S . v . .." t i ' ' oFoT| ¢ i
D et Mamal] LT SSTEDE SN SIS NI A .I‘_ DR RO R . I i : ; ! e ¢ SR RS B A S S ATper RO RN [
od i i ; . ' . ' T - - ety . i : ' :
: : H H [ ' - : N N } H o : g : -
! : ; . | i N A N i N B B i . L ol | : : ! ! .
PR U R, . e ! ! [ ! : ' IS ot Mt B i i RO B I DO N R
: i ) ’




'
" i
m I
~ ! N . m : ‘.JW.IW
U T LT
2 “eqimep et I | i
s B i -
al ; ) ) 5
& T - !w.l.. b LT
s g o~ T I —
boefersa !—......_ -

n p LA - m T
NPt I . .
! - S i

[4
S
i CEEIEE SIDTEY SRR ...”...;.IJ,,....: NN Bn . - M e -
T sy wvzs, ; ” 3
oy ....:__ RRRNY Y it - o 'ma R
\ A _ : ;
]
N .
- i LTl STEE P NS NP
i . : i
. o A
JEGH] . S IV S N
_ N ' 1
T A M A s AR
U T SN : N Gt
i ; — Ayoun3 i % B Eihe et s et s Alet Sl e masieh Kl REREY
[ SRR : , i i
[ i . , i , ! [RYTIPR SR UNNY P AU YU NNCHPORIN (U IS VO IO SN SO AN NS SN SO =
el by el R s oo 1 Rt T S o A N B T
. J|_ I et I ...c.s. oo e &s& O O N N I N A
PP N RETEET] RECTSHIOT U S FOPR P (TN T PR S SO .o ! ST (PR JUUSY ADRIUORN [ORAUIOS IV SRS SR LR R : :
B A A G SRR Pl SR Rl 1 i ol e R S 8 S B Bt
OUSNEPE SRS, F : \ —y o . : [T IR 3 . . b :
SR O D DO O 2 N P WS L1220 . S NI B N IO i _
' X _ : ~. _ /l . M i » ... . . mlv. .-ll_ ‘. .” AR E R R e Rt Rtae 1 = —edram il iatidens saend A i Efatdtat B -
foe : . e aLTEE Bl L AT 4 J } - O : : ! : - i
! ! . _ : ' I : ! C L ' J : ! i . : ; . | 100 :
S S SR U CIECRE CRELE CURICY SRS BRTRS RV R S _ e e o _ deen o g foremt ik PSS IR N SETS] TSN SO B I R SN S
i : " It L R .._' H sl _.:. i ' i ' ! ) i ! ! ¥

RN b S



T L ST ey TR A
2623600 -RU-0C0

Page 56

5.5 Analog Computer Mechanization

The diagrams of the analog computer mechanization of thae Saturn C-1
missile dynamics used in the study of the adaptive digital bending compen-
"sation control system are contained in this section. A discussion of the
check procedure used to verify the analog computer mechanization is also
included.

Fizwrss 16 and L7 are the mechanization diagrams of the missile dynamics.
The equations of the missile dynamics used for the computer mechanizaticn can
be found in Secticz 5.1. These equations were mecharized as listed, with the
exception that the attitude rate sensor dynamics and the attitude position
sensor dynamics were neglected.

Since this wes 2 study of therflexible body dynamics, the simulation
was scaled for a small signal study and, therefore, a linear actuator model
was used. This is a conservativerapproach since, if actuator rate limiting
is included, smaller oending mode amplitudes will result than if this 1imit-
ing is included fdr a large disturbarce input, such as a wind shear disturb-
ance. 7

In this portion of the study, only the missile configuration correspond-
ing to the flight condition at the time of maximum dynamic pressure was simu-~
lated. The coefficients of the equations mechanized are given in Section 5.6
for this flight condicion. ]

The control law used, disregarding the bending compensation provided by
the adaptive system, was

' o ]
§ = - = .
c 8 gp * a ORJ !
A detailed check procedure was used to verify the analog computer
mechanization of the missile dynamics. A static check of the mechanization
was made by applying initial conditions to all of the integrators and reading

o

the values of all the compﬁter variables (outputs of all of the amplifiers).
These were compared with precomputed values and satisfactory agreement was
obtained. ‘

Dynemic checks of the computer mechanization were made by recording
the response of the control system to a step attitude command input. For
this check, the digital computer was not used; therefore, the continuous

system response was recorded. This time response was compared with one
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obtained from a d4igital computer computacion of the closed@ loop response
of the system described by the equations listed in Section 5.1, and the

results agreed.
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5.6. Table of Computed Coefficients (At time of maximum dynamic pressure)

N'/M1

g cos'2;
DIE/Mlil
T/M

R'/Ml

/v -
ax/V
axIE/VIl
IE/Il
N'lp/I]
Dmnln/IlMl
T/Ilﬂ
ml/Il
R'll/Il
mnln/Mi
1T/
g.(¢q)
gy £
52
Pl )
By £
Py &)
zgfﬁ
2

Je“%
AY

©.13126k19

| 29.3683932

27.6470203
.0098052749
73.49621
36. 748105
.0006958942
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5.6 Table of Computed Coefficients (At time of maximum dynamic pressure) - Cont,

9, (£ /M 71.569359 ’ £t /sec?
6,0 £\ p)/M . -85.097438 £t /sec?
: T¢3( 5‘1‘)/“1 . 37.01009 £t /sec®
m d /M : -.029817968 ] £t
m d,/M - ,03953862k4 . . ft
) mnd3/M1 -.064811241 £t
RE (LM ' 35.784679 £t /sec?
R o)/, | -kz. 548719 - ft/sec?
R, (€ )/ 68750504 , £t /sec?
2(-w - : 8.7916666 : sec™t
P . 2
o - _39’*3-8399 secl
mnl‘n/In .19578125 ) rt;'
11 . e 82957880 | , ,
‘mnlnggos:];/ln ‘ 5.41276996 ? "_sec‘z
(T-Dm 1 M 12.691506 o sec”
gy v © -.007533599 25
gé) | -.05770295 R
3£ ' .08320151 - et
géy 10202856 et
9 /19171396, re”t
gy : .10423876 , e
2 C W 66.670 : sec L
“p8 e } / 2
¢ wa 119005 sec
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